Nucleic acids are among the most researched and applied biomolecules. Their diverse two-and three-dimensional structures in conjunction with their robust chemistry and ease of manipulation provide a rare opportunity for sensor applications. Moreover, their high biocompatibility has seen them being used in the construction of in vivo assays. Various nucleic acid-based devices have been extensively studied as either the principal element in discrete molecule-like sensors or as the main component in the fabrication of sensing devices. The use of aptamers in sensors -aptasensors, in particular, has led to improvements in sensitivity, selectivity, and multiplexing capacity for a wide verity of analytes like proteins, nucleic acids, as well as small biomolecules such as glucose and adenosine triphosphate (ATP). This article reviews the progress in the use of aptamers as the principal component in sensors for optical detection of ATP with an emphasis on sensing mechanism, performance, and applications with some discussion on challenges and perspectives.
Introduction
Adenosine triphosphate (ATP) is an important biological molecule in all living organisms. It is made up of three subunits, namely an adenine base, a 5-carbon ribose sugar, and a triphosphate ( Figure 1A ). The combination of the ribose sugar and the adenine forms the adenosine component of ATP while the triphosphate end forms the reactive site for ATP to take part in various cellular reactions. In living organisms, ATP is typically produced in a series of reactions in the presence of enzymes, mainly in the mitochondria and chloroplasts of living cells. The main function of ATP is as its usage as a major form of energy currency in living organisms. This unique property of ATP is attributed to the 'active region' or the reactive triphosphate end of ATP. Due to the low activation energy required to break the relatively weak phosphor-oxygen bond, the end phosphate group can be readily transferred from one molecule to another while simultaneously releasing useful energy for work. When a phosphate group is removed from ATP and transferred to a target molecule, the resulting products formed are adenosine diphosphate (ADP) and a phosphorylated target molecule.
Since at any one point in time, the cellular system contains a pool of ATP, ADP, phosphorylated molecules, and energy molecules, the ATP-ADP cycle is continuously regenerated. This energy cycle shown in Figure 1B , plays a vital role in the regulation of cellular metabolism and biochemical processes in cellular physiology [1, 2] . ATP is also needed for building of large molecules like proteins from amino acids, active transport of ions across different parts of living organisms, and as electrical signals in the nervous system synaptic transmission. In addition to its use as energy currency in cells, the presence of ATP in cells has also been monitored as an indication of the cell's viability and the presence of cellular injuries. This is because ATP exists in all living cells and will quickly diminish once the cells die off. For example, the participation of ATP in critical cellular processes such as metabolism, active transport, and mechanical work of muscular cells, makes it necessary to Ivyspring International Publisher accurately measure ATP levels in order to investigate the biochemical, structural, and functional indications of heart blockage [3] . Not only is this important for human health, but also ATP has been frequently used to determine microbial activity in soil materials, the freshness of fish, and as a quality control of the functionality of blood prior to transfusion. In addition, recent studies have indicated that ATP is one of the most important chemical signaling agents, playing a central role in signal transduction [4] [5] [6] and one type of neurotransmitters that is related to the sense of taste [7, 8] .
Given the attention bestowed onto ATP in so many areas, it has garnered a wide interest in analytical chemistry, especially in the methods used to accurately and reproducibly determine its concentration. These included biosensors employing peptides [9] , conjugated polymers [10] , host-guest receptors [11] , and ATP-dependent bioluminescence. Among them, the ATP-dependent bioluminescence method is the most studied and most sensitive. In this ATP-dependent reaction, ATP is required as the energy source for the bioluminescence to occur. The reaction is sensitive and highly specific to ATP. During this process, the enzyme luciferase, magnesium ion, and molecular oxygen are required. Light is emitted as a result of this reaction with its intensity directly correlates to the concentration of ATP. This method has shown its usefulness in the detection of ATP in most biological samples but not without limitations. Despite the ability of achieving a detection limit as low as 10 -15 g [12] , the enzyme luciferase has shown to be unstable and hence unlikely to be used for the detection of ATP under conditions that are drastically different from physiological conditions. In addition, some biological substances such as plasma and ATPase degrade ATP readily. Also, there may be the possibility of overestimation of ATP concentration with possible contributions from red blood cells and platelets present in biological samples.
With these limitations, there have been continuous efforts to develop other ATP detection methods hoping to overcome some of the limitations. In the 1990s, specific single-stranded nucleic acid sequences for selectively interacting with certain targets had first been produced by systematic evolution of ligands by exponential enrichment (SELEX) [13] and repeated rounds of in vitro selection [14] . These sequences are now known as aptamers, which can fold into specific three-dimensional structures and selectively bind to their targets. As for ATP, the first RNA and DNA ATP aptamers were reported by Szostak and colleagues [15, 16] . It was shown that both the sugar and the base are involved in the interaction with the aptamers and the binding of ATP accompanies with some conformational changes of the aptamers. Further structural study indicated that the DNA and RNA ATP aptamers have distinctly different tertiary structures and binding stoichiometries although they share similar structures and recognition sites in their binding pockets but also with considerable affinity towards other adenosine monophosphates [17] . Basically, there are three types of ATP aptamers, namely, simple single-stranded nucleotide aptamer, split aptamer, and structural switching aptamers with the possibility of incorporating additional functionality like catalytic ribozyme and DNAzyme. In addition, several reports have shown that some ATP aptamers are allosterically catalytic. For example, Breaker's group assembled several ribozymes and DNAzymes by modular rational design -coupling catalytic domains and receptor domains through structural bridges [18] [19] [20] [21] [22] [23] [24] . One of the constructed DNAzymes is an ATP-dependent DNAzyme with kinase activity, operating 10 9 -fold faster than uncatalyzed rate of ATP hydrolysis [24] . Other examples of allosteric ribozymes and DNAzymes can be found in the works of Sen et al. [25] and Ellington et al. [26, 27] . It has been shown that the allosteric ATP-dependent ribozymes and DNAzymes respond either positively [24] [25] [26] or negatively [22] to the presence of ATP (the allosteric effector). The allosteric regulation of the catalytic activity of aptamers (ribozymes and DNAzymes) by ATP operates by mechanisms that are fundamentally different from that of inhibitors. ATP binds to a site located apart from the active site and its influence on the catalytic activity of the aptamer is primarily originated from the conformational change of the aptamers [18, 19] .
Leveraging on their high affinity and catalytic activity, aptamers were quickly employed in the construction of biosensors -aptasensors. Considering the low stability and high cost of RNA aptamers, most of aptasensors engage DNA aptamers. Very often, conformational changes of aptamers upon target binding, which alter the surrounding environment, produce measurable signals. Aptamers have attractive advantages such as very small molecular mass, high stability, ease of synthesis and modification with functional materials such as fluorophores, and diversity of their targets. A wide variety of approaches have been developed for the detection of biomolecules [28, 29] .
ATP is one of the important biomolecules of interest in the development of aptamer-based biosensors -ATP aptasensors [30] . Like other aptamers, binding of ATP to ATP aptamers involves a series of intramolecular and intermolecular interactions among nucleotides and between nucleotides and ATP such as aromatic stacking and hydrogen bonding, thus leading to both conformational and structural changes. An example is given in Figure 2 [31] . As seen in Figure 2 , there is a drastic change in its two-dimensional and three-dimensional conformation upon interacting with ATP. Therefore, many of the ATP aptasensors exploit this change to devise their signal generation mechanism.
This article intends to provide a broad coverage of the optical ATP aptasensors and their possible applications. The sensing principles of the optical ATP aptasensors, such as fluorescent, colorimetric, and chemiluminescent ATP aptasensors, will be discussed in detail. The progress in the research and development of the optical ATP aptasensors are summarized and the advantages and disadvantages of each type of the optical aptasensors as well as possible future work will also be discussed. It is hoped that this article will provide a comprehensive overview of the current status of the optical ATP aptasensors research and open new perspectives towards the research and applications of the optical ATP aptasensors with much improved analytical performance.
Fluorescent aptasensors
Fluorescence involves the absorption of light by a fluorophore (fluorescent molecule or quantum dot), which excites the fluorophore to promote electrons from ground state to excited states. The electrons often rapidly relax to the lowest energy level of the excited states and then emit light of longer wavelength when they relax from the lowest energy level of the excited states to the ground state. Techniques involving fluorescence detection have the advantage of good sensitivity. However, being essentially nucleic acids, aptamers are not inherently fluorescent, it is necessary to modify the aptamers with fluorophores or build a fluorescence generation mechanism so that they can have fluorescence property. Fluorescent ATP aptasensors can be broadly classified into labeled and non-labeled aptasensors. They will be discussed in the following sections. Generally, the performance of the labeled aptasensors is better than their non-labeled counterparts. On the other hand, major downsides of the labeled aptasensors are their high cost and sometime time-consuming multistep protocols. 
Non-amplified fluorescent ATP aptasensors
The first group of non-amplified fluorescent ATP aptasensors is based on non-labeled signal generation strategy.
The non-labeled fluorescent ATP aptasensors involve the use of aptamers in conjunction with fluorescent intercalating dyes [32] [33] [34] , conjugated polymers [35, 36] , nanoparticles [37] , and nanoclusters [38, 39] . The non-labeled aptasensors have gained increasing popularity since they are usually cheaper and simpler than the labeled aptasensors. Moreover, the non-labeled aptasensors do not have the risk of binding site alteration when fluorophores are covalently bonded to aptamers.
Intercalating dyes, for example [Ru(phen)2 (dppz)] 2+ [40] and ethidium bromide [41] [42] . Unfortunately, the magnitude of the fluorescence alteration is not significant enough to have a sensitive ATP aptasensor. To enhance fluorescence intensity, Wang et al. explored the use of metal-enhanced fluorescence (MEF) for ATP detection using PicoGreen as the intercalating dye. MEF serves to enhance the quantum yield of PicoGreen and provides photostability [43] . Silver island films are used as MEF in this strategy. An aptamer is pre-hybridized with its complementary DNA strand and PicoGreen intercalates in the hybridized aptamer. Fluorescence is enhanced in proximity to the silver island films. The presence of ATP induces a conformational change during the formation of the ATP-aptamer complex and some of the intercalated PicoGreen is released [44] . A similar PicoGreen release mechanism upon ATP binding was also engaged in a more recent work [45] . Moreover, a cationic tetrahedralfluorene was also reported to increase the sensitivity and selectivity of ATP aptasensors using ethidium bromide as the intercalating dye. A 10-fold enhancement in sensitivity was obtained when tetrahedralfluorene serving as an energy donor to ethidium bromide [46] .
Polymers with extended conjugation have the ability to rapidly transport charges through their conjugated backbones of repeating monomer units. This property deemed it attractive for use in biosensors, allowing enhanced detection sensitivity. Poly(2,5-bis(3-sulfonatopropoxy)-1,4-phenyl ethynylenealt-1,4-poly(phenylene ethynylene) (PPESO3) is such a conjugated polymer, which is water soluble and has fluorescent properties. In the work by Yang et al., PPESO 3 was investigated for ATP detection [47] . Cu 2+ is used as quencher for this conjugated polymer by strong electrostatic attraction and electron transfer. ATP disrupts the electrostatic interaction between PPESO 3 and Cu 2+ ; hence the recovery of fluorescence is observed. This strategy was further demonstrated to be able to quantitatively measure the recovery efficiency in real human blood samples using a linear regression plot.
Apart from solution processes and surface-immobilization, as demonstrated by Brennan's lab, sol-gel-derived materials are a promising matrix for the entrapment of ATP aptamers and the development of fluorescent ATP aptasensors with improved analytical performance as compared to surface-immobilized ATP aptamers [48, 49] . Further investigation demonstrated that the analytical performance and stability of the aptasensors are primarily determined by the ability of the aptamers to remain fully hybridized to their signaling units upon entrapment [50] .
The second group of non-amplified fluorescent ATP aptasensors leverage on the use of fluorophore-labeled aptamers. This fluorescence generation mechanisms can be classified into monoand bichromophore approaches [51] . The monochromophore approach refers to the covalent binding of a single fluorophore to an aptamer at a site where target binding induces a significant conformational change and this change results in a fluorescence intensity change. The bischromophore approach involves the attachment of two molecules, a fluorophore and a quencher, onto an aptamer. Fluorescence intensity changes when target binding to the aptamer alters the distance between the fluorophore and the quencher. This is also known as fluorescence resonance energy transfer (FRET), in which fluorescence quenching is observed when the fluorophore and quencher are in close proximity. The fluorophore and quencher could also be attached separately on an aptamer and its complementary strand. In the presence of the target, preferential binding of the target to the aptamer triggers the dehybridization between the two strands and hence FRET is terminated when the distance between the fluorophore and quencher widens.
Zeng et al. proposed an ATP aptasensor based on a molecular beacon probe [52] . In the absence of ATP, fluorescence quenching occurs with close proximity between the fluorophore and quencher on the two ends of the molecular beacon probe. An oligonucleotide strand, partially complementary to both the molecular beacon probe and the aptamer, preferentially binds to the aptamer over the molecular beacon probe. However, in the presence of ATP, the aptamer instead binds to ATP and the oligonucleotide strand is released to bind to the molecular beacon probe. This induces a conformational change and the separation of the fluorophore and quencher. Consequently, fluorescence is observed and its intensity directly correlates to the concentration of ATP. This aptasensor was shown to have high selectivity for ATP compared to its close analogues, cytidine triphosphate (CTP), guanosine triphosphate (GTP), and uridine triphosphate (UTP). In another report, a double-receptor sandwich supramolecule was studied by Zhao et al. [53] . A uranyl-salophen complex, which recognizes specifically the triphosphate moiety of ATP, is first immobilized onto silica gel nanoparticles. ATP is then binds to the immobilized complex. The binding of fluorophore-labeled ATP aptamer to ATP bound on the complex forms a sandwich supramolecule, granting the supramolecule fluorescence.
Amplified fluorescent ATP aptasensors
Although the amplification-free fluorescent ATP aptasensors offer simple and straightforward signal readouts, only moderate sensitivity could be achieved for the above-mentioned two groups of aptasensors. Hence, amplification strategies have to be explored to improve the sensitivity for the detection of trace amounts of ATP. Much effort has therefore been devoted to overcome these problems, and some of the improvements will be elaborated in the following section.
One of the strategies was proposed by Song et al., based on isothermal circular strand-displacement polymerization ( Figure 3 ) [54] . The process is made up of circular common target molecule-displacement polymerization (CCDP) and circular nucleic acid strand-displacement polymerization (CNDP). In this aptasensor, the complementary strand (S2) is released when ATP binds to a recognition probe (S1). Subsequently, CNDP is triggered by the released S2. In CNDP, a fluorescent probe S5 is displaced by the hybridization of S2 to DNA S4, fluorescence is hence generated. Scission of strand a and b occurs with the formation of a duplex between S2 and S4. Strand a then hybridizes to S1 and S2 is released during polymerization, which triggers the CNDP cycle over again. On the other hand, strand displacement process occurs to generate a fluorescent probe when strand b hybridizes to S4. CNDP occurs concurrently, releasing ATP from its aptamer when a DNA duplex between S1 and S3 forms in the presence of a primer S3. The continuous processes of both CNDP and CCDP thus generate a large amount of fluorescent probes in the presence a minute amount of ATP. This approach achieved a detection limit down to 0.26 nM. However, this technique is more complex and expensive, requiring more materials such as polymerase and primers. Another amplification strategy was developed by engaging rolling circle amplification (RCA) [55] . As mention earlier, allosterically catalytic ATP aptamers can be constructed by modular rational design. The catalytic power of the aptamers can be utilized in the configuration of amplification strategies. As described by Cho and colleagues [55] , an ATP-dependent allosteric DNAzyme is first immobilized on a glass slide. The DNAzyme is activated upon binding to ATP. Consequently, a padlock probe is ligated and RCA is initiated from 3' end of the DNAzyme. After RCA, Cy-3 labelled short oligonucleotides fully complementary to the repetitive sequences of the RCA product are introduced to generate a fluorescence signal. In a more recent report, reduced graphene oxide was coupled to RCA in the development of fluorescent ATP aptasensors [56] . Upon binding to ATP, the ATP aptamer is released from the reduced graphene oxide due to a conformational change of the aptamer. The released aptamer initiates a round of RCA, thus producing a detection limit as low as 60 nM. In addition, the binding of ATP to an inactivated DNAzyme containing ATP aptamer [57] or an ATP aptamer partially hybridized with a DNAzyme [58] can trigger the release of the active DNAzyme and the released DNAzyme can be engaged in the configuration of amplified detection of ATP.
Nanomaterial-assisted fluorescent ATP aptasensors
Because of extremely large surface-to-volume ratios, diverse surface morphologies and functionalities, high dispersibilities, and excellent size-dependent properties such as surface plasmon resonance and quantum confinement, nanomaterials have found interesting applications in the fluorescent ATP aptasensors, For example, silica nanoparticles have been widely used for the detection of nucleic acids [59, 60] . They serve as a stable support for the immobilization of nucleic acids and are efficient in removing non-specific interactions. One of the earliest studies utilizing the silica nanoparticles in ATP aptasensors was reported by Wang et al. [61] . In their work, DNA probes are immobilized onto the silica nanoparticles and a Cy-5-tagged aptamer is hybridized to the immobilized DNA probes. The presence of ATP induces a conformational change of the aptamer-probe duplex when it binds to ATP, releasing the Cy-5-tagged aptamer to the solution and hence fluorescence is observed in the supernatant after separation. Upconversion nanoparticles (UCNPs) have also been used in the fluorescent ATP aptasensors. UCNPs have the advantage of low autofluorescence interference from biological samples as they are excited by low energy near-infrared photons, but emission happens in the visible region. In the work of He et al. [62] , a split aptamer is used, whereby an ATP aptamer containing 27 nucleotides is split into two units. One unit modified with an amino group on one end, is immobilized onto the UCNPs. The other unit is tagged with a quencher BHQ1. In the presence of ATP, the quencher will be bought close to the UCNPs due to the formation of the aptamer-ATP complex. Hence, FRET occurs and the fluorescence of the UCNPs is quenched. In another report, quantum dots (QDs) were used as fluorescent reporters for ATP detection ( Figure 4 ) [63] . Streptavidin-conjugated 605QDs are first modified with 3'-biotin-tagged DNA strands. 3′-Cy5-labeled DNA strands are brought into close proximity to the QDs through capture DNA strands, in which the capture DNA strands have sequence complementary to the abovementioned two DNA strands. FRET takes place between the QDs and the 3′-Cy5-labeled DNA strands with fluorescence from Cy5 is observed at 670 nm. On the other hand, the presence of ATP releases the 3′-Cy5-labeled DNA strands because ATP preferentially binds to the aptamer in the capture DNA strands. As a result of ATP binding, FRET is disrupted and fluorescence from the QDs is observed at 605 nm. QDs have the advantages of high stability and long fluorescence lifetime compared to conventional fluorophores and easily modified to fit for purpose. However, QDs also suffer from the disadvantage of being toxic to human health.
Similar to nanoparticles being utilized in the labeled fluorescent ATP aptasensors, nanoparticles have also widely been studied for the construction of the non-labeled fluorescent ATP aptasensors. For instance, An ATP aptasensor was fabricated as follows: Probe DNA is immobilized onto silica nanoparticles and aptamer hybridizes to the probe DNA, forming a probe DNA-aptamer duplex. Hoechst33258 is used as a reporter, which intercalates to the probe DNA-aptamer duplex, giving fluorescence. Similar to many other fluorescent ATP aptasensors mentioned above, ATP detection is based on fluorescence quenching when ATP binds to the aptamer and releases the intercalated Hoechst33258 into solution [64] . In addition, QDs in conjugation with fluorescence polarization immunoassay (FPIA) were explored for ATP detection [65] . FPIA is based on the principle that the fluorescence polarization value will be higher when the fluorophore has a bigger volume (weight) and slower rotation. With this principle in mind, He et al. immobilized an aptamer onto CdS QDs. In the presence of ATP, the immobilized aptamer and another aptamer modified with an antigen (mouse anti-digoxin antigen) bind to ATP [65] . The fluorescence signal is amplified when the antibody, anti-digoxin immobilized to gold nanoparticles binds to the entire complex, resulting in the formation of a very big conjugate and hence drastically lowers the rotation of the conjugate thus producing a much higher fluorescence polarization value. Detection limit was found to be 1000 times lower than that obtained without the gold nanoparticles.
Not limiting to nanoparticles, nanotubes such as single-walled carbon nanotubes (SWCNTs) have also received attention in ATP aptasensors. Covalent and non-covalent interactions of nucleic acids with SWCNTs were reported [66, 67] . Furthermore, SWCNTs are efficient fluorescence quencher, which makes them good candidates for uses in fluorescent biosensors. Several reports have studied on the non-covalent interactions of SWCNTs with biomolecules labeled with fluorophores or organic compounds [68] [69] [70] . An example was reported by Zhang et al. on the detection of ATP based on SWCNTs ( Figure 5 ) [71] . An ATP aptamer is modified with a fluorophore -6-carboxy-fluorescein (FAM). Without ATP, the FAM-labeled aptamer moves close to the SWCNTs because of π-stacking interaction, which quenches the fluorescence of FAM and also helps to disperses the SWCNTs in solution. Fluorescence is recovered when ATP competes against the SWCNTs for the labeled aptamer, disrupting the aptamer/SWCNT interaction. Although the non-covalent interaction approach eliminates additional steps to form covalent bonds between the aptamer and the SWCNTs, non-target molecules may easily interact with the aptamer and the SWCNTs. This is especially so when applied to a cellular environment containing numerous types of biomolecules. In addition, SWCNTs have the disadvantage of strong interaction with nucleic acids due to wrapping of nucleic acids around the nanotubes. Hence, the release of the labeled aptamer from the SWCNTs may be difficult, thereby causing less efficient sensing ability. Therefore, as very effective fluorescence quenchers, two-dimensional carbon nanomaterials such as graphene [72] and graphene oxide [73] have been applied in the construction of the fluorescent ATP aptasensors. Unlike SWCNTs, graphene oxide possesses intermediate strength of interaction with nucleic acids with well-balanced non-covalent interaction and desorption ability. This property makes graphene oxide attractive as a nanomaterial platform for ATP sensing. In the paper by Liu et al. [74] , a comparison was made between covalent attachment and physisorption of an aptamer to graphene oxide. It was demonstrated that the fluorescence intensity is stronger for the covalent attached aptamer when applied to intracellular detection. The covalently attached aptamer to graphene oxide also has the potential to be regenerable for repeated use, making it attractive for ATP detection. Table 1 summarizes the analytical performance of fluorescent ATP aptasensors. Hybridized 
ATP aptamer-based fluorescence imaging
In addition to the fluorescent ATP aptasensors mentioned above, ATP aptamers have also found applications in in vivo imaging of ATP [96] [97] [98] [99] [100] [101] [102] [103] [104] . The first attempt of imaging ATP in living cells using ATP aptamers was described by Mirkin's group in which ATP aptamer/fluorescent reporter duplex-coated gold nanoparticles were utilized to visualize ATP in living cells [96] . The fluorescence of the reporters is effectively quenched by the gold nanoparticles due to the close proximity between the fluorescent reporters and the gold nanoparticles. Upon binding to ATP the fluorescent reporters are dislodged from the gold nanoparticles due to conformational changes of the ATP aptamers and the fluorescence of the reporters is restored. The fluorescence intensity of the dislodged reporters can be used to quantify ATP in cells. Later, it was shown that the gold nanoparticles loaded with ATP aptamer can be configured to display both ATP and pH responsive probes to image ATP in lysosomes at the subcellular level [97] . More recently, instead of gold nanoparticles, gold nanocages carrying positive charges on their surface were utilized to load anionic ATP aptamers via electrostatic interaction [98] . Upon binding to ATP inside living cells, the aptamers are desorbed from the gold nanocages and entrapped fluorophores are released, thus generating a fluorescence image.
In another attempts, graphene oxide nanosheets were involved in the construction of ATP imaging probes instead of gold nanoparticles [100] [101] [102] [103] . Strong interaction between ATP aptamer-containing fluorescent probes and the graphene oxide nanosheets effectively quenched the fluorescence of the probes. Again, the fluorescence of the probes is restored upon binding to ATP which results a conformational change. It was shown that multiple aptamer sensing platforms can be constructed by a judicious design of multiple aptamer-tagged probes. Other two-dimensional nanomaterials like MoS2 nanoplates were also tested as carriers for the construction of a photodynamic agent chlorine e6 (Ce6)-labeled ATP aptamer for cell imaging and photodynamic therapy ( Figure 6 ) [104] . It was shown that in addition to visualizing intracellular ATP, the labeled aptamer released from the MoS2 nanoplates initiates the production of reactive oxygen species upon laser irradiation which consequently induces cell death by a lysosomal pathway.
Although encouraging results have been obtained in imaging ATP in living cells, there are some critical questions that we need to answer before we can take full advantage of ATP aptamers. Unfortunately, we do not have highly specific aptamers for ATP. The coexistence of ADP and AMP with ATP inside cells poses a great threat to ATP imaging. There is an urgent need to thoroughly investigate the specificity of ATP aptamers and to search for truly ATP-specific aptamers since all ATP aptamers developed so far show a considerable degree of affinity to ADP and AMP. The results remain disputable until ATP-specific aptamers are developed. We also need to fully understand the effect of complex biological matrices on the performance of ATP aptamers in cells. In addition, it will be more interesting if both ATP and ADP can be imaged simultaneously so as to provide dynamic pictures of the transformations between ATP and ADP in living organisms. 
Colorimetric ATP aptasensors
Colorimetric detection is the visual observation or spectrometric measurement of a color change. It has the advantages of low cost, simplicity, and portability. Gold nanoparticles, hemin-G-quadruplex aptamers, and supramolecule-based aptamers are mainly used in the colorimetric ATP aptasensors. In addition to visual inspection, UV-vis spectrometry is often employed for quantitative determination of ATP.
Nanomaterial-assisted colorimetric ATP aptasensors
Contrary to fluorescent biosensors, gold nanoparticles have attracted much more attention in the development of colorimetric biosensors because their ultrahigh extinction coefficient (10 8 −10 9 ) of the surface plasmon resonance absorption offers an excellent opportunity for the development of highly sensitive biosensors [105, 106] . Therefore, gold nanoparticles have been of great interest for uses in colorimetric detections of biomolecules including ATP due to their simplicity and ultrahigh extinction coefficient with a strong dependence on inter-particle distance [107] . Distance dependent optical property results in a significant shift in UV-vis absorption or/and a distinct color change. Hence, approaches that can alter the distance among the gold nanoparticles upon target binding have been investigated in the colorimetric ATP aptasensors. A simple signal generation strategy relies on the alteration of the protective effect of nucleic acids on gold nanoparticles [108.109] . To significantly enhance the sensitivity of colorimetric ATP aptasensors, various amplification strategies have been proposed. One of the approaches is to modify the gold nanoparticles with DNA and the use of nuclease [110] . As reported in the work by Li et al., a cyclic enzymatic signal amplification strategy was used to improve the detectability of a colorimetric aptasensor (Figure 7 ) [110] . Gold nanoparticles are first modified with two types of DNA strands, each type complementary to one end of a linker DNA. A hairpin aptamer is also prepared. In the absence of ATP, the linker DNA induces the aggregation of the gold nanoparticles by hybridization with the two types of DNA strands immobilized on the gold nanoparticles. However, with ATP added, the hairpin aptamer opens up and forms the aptamer-ATP complex, which could subsequently attach to the linker DNA. This binding then induces nicking endonuclease to break the linker DNA into two fragments. As a result, the cleaved linker DNA fragments are released and the freed-up aptamer-ATP complex repeats the cycle of binding to another linker DNA. The cleaved linker DNA is unable to induce the aggregation of the gold nanoparticles through hybridization. Hence, a red color is observed instead of the blue color when ATP is absent. This aptasensor produced a low detection limit of 100 nM by the naked eye as the regeneration process allows a very large amount of the linker DNA to be cleaved in presence of a small amount of ATP. Another example of utilizing gold nanoparticles in the construction of the colorimetric ATP aptasensors was described by Zhao and co-workers [111] .They proposed a simple and rapid colorimetric ATP aptasensor that exploits structure-switching ATP aptamers and salt-induced aggregation of gold nanoparticles.
Since the preparation of DNA-modified gold nanoparticles is rather time-consuming, usually requiring a multistep procedure, alternative approaches using unmodified gold nanoparticles were explored. The concept of using unmodified gold nanoparticles relies on the difference in electrostatic interaction between single-stranded (ss-DNA) and double-stranded (ds-DNA) DNA with gold nanoparticles. Gold nanoparticles are stabilized by negative ions, whereby the repulsion between the adsorbed negatively charged ions prevent the gold nanoparticles from aggregation. The addition of salt minimizes the electrostatic repulsion and induces aggregation. The relatively rigid double helix structure of ds-DNA largely conceals its nucleobases and exposes its negatively charged phosphate backbone; hence prevents the adsorption of the ds-DNA on the gold nanoparticles. On the other hand, being uncoiled, ss-DNA has its nucleobases exposed. Van der Waals interaction becomes dominant and the ss-DNA could get close and coil around the gold nanoparticles. The adsorption of ss-DNA strands effectively stabilizes the gold nanoparticles and prevents aggregation in the presence of salt [112] . Based on this principle, Wang et al. proposed an aptamer-target binding readout technique for the detection of ATP [113] . First, salt is added to induce the aggregation of the gold nanoparticles and an aptamer bound to its complementary sequence is added too, thus producing a blue colored solution of aggregated gold nanoparticles. The presence of ATP triggers the formation of the aptamer-ATP complex and releases the complementary sequence to coil around the gold nanoparticles to block the salt-induced aggregation. Consequently, instead of a blue colored solution a red colored solution is observed due to the non-aggregated gold nanoparticles in the presence of ATP.
Amplified colorimetric ATP aptasensors
Nucleic acid sequences which have many guanine bases at specific locations, can interact through strong hydrogen bonds to form a four-stranded helical structure -G-quadruplex. Also, the G-quadruplex can selectively interact with hemin, forming a catalytic G-quadruplex-hemin complexDNAzyme. This DNAzyme acts like peroxidase to catalyze the oxidation of hydrogen peroxidemediated reactions [114] . The oxidation of peroxidase substrates such as 3,3',5,5'-tetramethylbenzidine (TMB) or 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS 2-) catalyzed by the DNAzyme produces a color change. This principle was applied to ATP detection by incorporating the G-quadruplex sequence in an aptamer [115] . For example, gold nanoparticles are immobilized onto peptide nanospheres to form a nanocomposite. The G-quadruplex containing aptamer modified with thiol then binds to the nanocomposite. Another aptamer is immobilized onto a 96-well plate. The presence of ATP will bind to both aptamers on the nanocomposite and inside the well. This brings the nanocomposite containing the G-quadruplex into the well. After complexing with hemin, catalytic oxidation of TMB occurs, giving a yellow color to the solution. UV-vis spectrometry was further used to evaluate the performance of this aptasensor. A detection limit of 1.35 pM was obtained. Moreover, to increase the sensitivity, a color enhancement strategy by an amplification process through ATP recycling was developed by Gong et al. [116] . A ds-DNA sequence is prepared containing the G-quadruplex sequence and the ATP aptamer sequence. The ds-DNA has four single-stranded termini hence resists the digestion by exonuclease Exo-III. Exo-III can only cleave sequences with blunt ends or recessed 3' termini. In the presence of ATP, the aptamer is dehybridized and forms a hairpin structure with a blunt end upon binding to ATP, which in turn induces cleavage by Exo-III to release the bound ATP and triggers a target recycling process. The dehybridization and Exo-III cleavage also release the G-quadruplex sequence. After the formation of the DNAzyme and in the presence of H2O2, colorless ABTS 2-is oxidized to a green colored product ABTS - (Figure 8) . A very large amount of hemin-Gquadruplex complex could be formed through the ATP regeneration process by the Exo-III cleavage. Consequently, the sensitivity of the aptasensor is significantly improved with negligible interference from other nucleotide triphosphates. Likewise, amplified colorimetric detection of ATP can be realized by self-assembled aptamer constructs that activate a DNAzyme cascade [117] .
Chemiluminescent ATP aptasensors
Chemiluminescence involves a chemical reaction producing one or more reaction products existing in an electronically excited state, which eventually returns to the ground state through the emission of light [118] . The intensity of the light emitted is directly associated with the reactants and the catalyst of the reaction. Unlike the fluorescent or colorimetric technique where a light source and complicated optics are required, the main advantage of using chemiluminescence as the detection technique in ATP aptasensors is its simplicity of instrumentation and high sensitivity due to a practically zero background [118] . There are, however, some limitations which should be noted when considering its use. For example, there are not many chemiluminescent compounds available, hence the technique is only limited to a relatively small number of analytes. Fortunately, for the detection of ATP, a well-known chemiluminescent platform-luminol-H2O2 system can be conveniently adopted for the construction of the chemiluminescent ATP aptasensors.
Chemiluminescent ATP aptasensors involving chemiluminescence resonance energy transfer (CRET)
Huang et al. suggested the exploitation of CRET technique for the construction of chemiluminescent biosensors [119] . CRET involves the non-radiative energy transfer from a chemiluminescent donor to a suitable acceptor. Soon after, Zhang et al. reported a chemiluminescent ATP aptasensor inspired by the concept of CRET using a luminol-H2O2-horseradish peroxidase-fluorescein system ( Figure 9 ) [120] . In this aptasensor, fluorescein is able to absorb part of the energy (~425 nm) of the excited luminol and subsequently re-emit it at a longer wavelength (~510 nm). Based on this CRET process, sensing probes termed as CRET-BMBP and CRET-TMBP are designed. First, an ATP-specific aptamer is attached to the surface of magnetic nanoparticles and the linking region in this aptamer has an extension that can hybridize with CRET-BMBP or CRET-TMBP probes, respectively. The reason of utilizing the magnetic nanoparticles is that the separation of reacted probes from unreacted ones can be conveniently achieved by simply using a permanent magnet. When ATP is present, the aptamer switches to its preferred aptamer-ATP structure from the aptamer-linker conformation. This results in the dissociation of CRET-BMBP or CRET-TMBP probes from the aptamer. Since the chemiluminescence intensity detected is due to the CRET-BMBP or CRET-TMBP probes. The CRET signal is therefore proportional to the amount of ATP. The proposed CRET-based aptasensor offered detection limits of 0.11 µM and 0.32 µM for ATP by BMBP and TMBP, respectively. This aptasensor has been successfully applied to the detection of ATP in leukemia and breast cancer cells. Similarly, leveraging on CRET, ATP detection can be realized by measuring the fluorescent intensity of QDs excited by CRET between luminol and the QDs [121] . It was shown that the fluorescence intensity increases linearly with the concentration of ATP from 50 to 230 µM with a detection limit of 0.185 µM and a selectivity factor of ~20 against ATP analogues such as thymidine triphosphate (TTP), CTP, and GTP.
The concept of CRET was also applied to the detection of ATP involving a DNAzyme-aptamer conjugate [122] . Due to its peroxidase-like activity, the DNAzyme effectively catalyzes the oxidation of luminol in the presence of H2O2 to generate chemiluminescence. A conformational change brought about by the binding of ATP to the aptamer facilitates CRET to occur by bring the quencher close the DNAzyme. In another report, Strands of ss-DNA consist of both DNAzyme and ATP aptamer segments were utilized for the detection of ATP [123] . In the presence of ATP and hemin, The DNA strands selectively bind to ATP and self-assemble into the peroxidase-like DNAzyme structure (hemin-G-quadruplex complex). Chemiluminescent ATP detection is realized by tapping in the peroxidase property of the DNAzyme. Again, CRET was incorporated to further develop the sensing platform [123] .
Nanomaterial-assisted chemiluminescent ATP aptasensors
Leveraged on the easy use of magnetic beads in the separation of reactants and products, Li et al. proposed a chemiluminescent ATP aptasensor based on magnetic nanoparticle-assisted strand displacement amplification and target recycling [124] . It was reported that the light intensity emitted from the luminol-H2O2-horseradish peroxidase system is linearly correlated to ATP concentration from 1.0 to 10 nM with a detection limit of 0.61 nM. Furthermore, as with the fluorescent ATP aptasensors, nanomaterials have also found applications in the chemiluminescent ATP aptasensors. For example, a chemiluminescent aptasensor was developed for the detection of ATP using graphene oxide, relying on the preferential binding of graphene oxide to ss-DNA over ATP-aptamer complex and the instantaneous derivative reaction between phenylglyoxal and guanosine in the aptamer strand adsorbed on the graphene oxide. The addition of ATP weakens the interaction between the aptamer and graphene oxide and results in a significant reduction of the chemiluminescence signal. A detection limit of 1.4 nmol with good selectivity (≥5 folds) against CTP, GTP, and UTP was obtained. Nonetheless, the rather limited options in the configuration of chemiluminescence platforms severely obstruct the progress of chemiluminescent ATP aptasensors. 
Other optical ATP aptasensors
Other than the discussed techniques of fluorometry, colorimetry, and chemiluminescence, there are also other optical techniques used in ATP aptasensors like localized surface plasmon resonance (LSPR), surface-enhanced Raman spectroscopy (SERS), and resonance light scattering (RLS). Nonetheless, these optical techniques are not as popular as fluorometry and colorimetry. In the following section, the current status of applying the above-mentioned optical techniques will be reviewed.
LSPR ATP aptasensors
LSPR is a result of a coherent oscillation of electrons taking place on the surface of a nanostructured material (mainly gold and silver) in response to an alternating electromagnetic field of incident light [125] . LSPR, extremely sensitive to the geometry (size, shape, and pattern) and local dielectric environment of the nanostructure, has recently been applied to ATP aptasensors [126, 127] . For example, Liu et al. proposed an ATP aptasensor based on aptamer-regulated self-catalytic growth of single gold nanoparticles ( Figure 10 ) [126] . It was observed that the presence of ATP aptamer on the surface of the gold nanoparticles effectively suppresses the glucose oxidase-like catalytic activity of the gold nanoparticles, which in turn, inhibits the growth of the gold nanoparticles. On the other hand, the formation of the aptamer-ATP complex detaches the aptamer from the gold nanoparticles and recovers their catalytic activity. Consequently, the gold nanoparticles are enlarged in a growth medium containing HAuCl4 and glucose, thus producing an observable shift in LSPR.
Cheng et al. applied a split aptamer and gold nanoparticles for the detection of ATP using LSPR [127] . The two parts of a split aptamer are co-immobilized on the same gold nanoparticles. The split aptamer on the gold nanoparticles can be reassembled into intact folded structure in the presence of ATP with two potential assembly types and both of them induce the assembly of gold nanoparticle-DNA conjugates, thus giving rise to a measurable change in LSPR. The detection limit of this LSPR aptasensor was estimated to be 24 μM. The main limitation of the LSPR ATP aptasensors is that many times the refractive index change may not be significant enough for a measurable signal to be obtained at low concentrations [128] .
SERS ATP aptasensors
Raman spectroscopy has been commonly used to characterize molecules based on their unique capability of detecting the interaction of light with molecules [129] . However, the most common problem encountered in the application of Raman spectroscopy for small biomolecules is their low scattering cross-sections and weak signals . Fortunately, the development of SERS opened up new prospects for Raman spectroscopy. The generally accepted mechanisms of SERS are the electromagnetic mechanism and chemical mechanism [129, 130] . SERS is a surface-sensitive technique that enhances Raman scattering of molecules adsorbed on nanostructured metal surfaces [131] . SERS has since evolved into a very powerful technique in the field of analytical chemistry especially at single molecule levels [132, 133] . In addition, SERS is a nondestructive and highly sensitive technique which requires minimal sample preparation.
To develop SERS-based ATP aptasensors, a primer self-generation strand-displacement polymerization (PS-SDP) was used to construct a bifunctional aptasensor for the detections of ATP and lysozyme ( Figure 11 ) [134] . With the cooperation of a nicking endonuclease and a polymerase, amplified detections of ATP and lysozyme were achieved through a two-cycle replication-scission displacement mode. As shown in Figure 11 , based on a structure-switching aptamer, three types of functional components, namely a target recognition element DNA1, a transduction component DNA2, and a signaling unit (gold nanoparticle-based SERS bio-barcodes probe), are involved in the amplification process. DNA1 immobilized on magnetic bead 1 (MB-1) binds trigger 1 and trigger 2. DNA2 binds to a hairpin DNA immobilized on MB-2 and DNA3 immobilized on MB-3. The signaling unit acts both as the primer for the polymerization and as the reporter for Raman signal generation. In the presence of ATP, the ATP aptamer is triggered to undergo structure switching to form a stem-loop structure, initiating the PS-SDA process. Consequently, amplified SERS detection of ATP in the range of 0.05 to 10 nM was realized by measuring the Raman signal of SERS bio-barcode probes attached to hairpin DNA on MB-3. In addition, the Raman enhancement effect of a gold nanotip array and the feasibility of constructing a gold nanotip-based ATP aptasensor were thoroughly studied by Jiang et al. [135] . It was observed that picomolar sensitivity for ATP could be realized owing to the high local electromagnetic field around each of the individually addressable nanotips of the array.
RLS ATP aptasensors
RLS is based on the self-assembly or aggregation of nanomaterials such as gold nanoparticles [136, 137] . It displays the advantages of simplicity, speed, and high sensitivity. This technique has been widely used in the determination of analytes, such as inorganic ions [138] , drugs [139] , and biological macromolecules [140] .
As mentioned earlier, unlike ss-DNA, ds-DNA is unable to protect gold nanoparticles against salt-induced aggregation due to it high rigidity, concealed nucleobases, and largely exposed negative charges. On the other hand, there is a distinct difference in RLS between homogeneously dispersed and aggregated gold nanoparticles. Based on these two properties, a simple RLS ATP aptasensor was fabricated by building an ATP aptamer sequence into one of the two strands of a duplex DNA [141] . Upon binding to ATP, a stable aptamer-ATP complex is formed and consequently a ss-DNA strand is released. As a result, the gold nanoparticles are protected from aggregation when NaCl is added to the solution, whereas unprotected gold nanoparticles are aggregated, thus displaying a resonance scattering peak at 590 nm with a linear calibration curve between 6.6 and 110 nM. To further increase the sensitivity of the RLS aptasensors, a cuprous oxide nanoparticle formation process is incorporated in the ATP sensing procedure, taking advantage of the catalytic effect of the DNA-protected gold nanoparticles on the formation of the cuprous oxide nanoparticles in a mixture of glucose and cupric ions. This additional amplification step successfully lowered the calibration curve to 2.2-220 nM with a detection limit of 0.5 nM.
In a more recent paper, RLS was exploited for direct detection of ATP in aqueous solutions in the absence of any prior separation procedure [142] . The materials involved were a binuclear uranyl complex -bis-uranyl-bissulfosalophen (BUBSS) and ATP aptamer-coated gold nanoparticle (Apt-AuNP) probes. Previous studies have shown that uranyl-salophen complexes could bind strongly to phosphate groups with high selectivity [143, 144] . ATP, the target of interest containing three phosphate groups, is an excellent analyte for RLS. On the other hand, the gold nanoparticles modified with the ATP aptamer function as a capturing agent for RLS. The sensing principle is as follows: In the presence of ATP, a specific reaction occurs between BUBSS and two ATP molecules to form a linear supramolecule. Consequently, one supramolecule triggers the binding of two gold nanoparticles, thus leading to the aggregation of the gold nanoparticles and producing a strong RLS signal (Figure 12 ). Under optimal conditions, a linear correlation between the RLS signal and the concentration of ATP was obtained from 5 to 500 nM with a detection limit of 4.5 nM. Selectivity tests showed that ATP gives a RLS signal which is at least 10 times higher than those obtained with its analogues such as GTP, CTP, UTP, adenosine, as well as AMP and ADP. Satisfactory results were also obtained when the proposed aptasensor was applied to the analysis of ATP containing drugs and urine samples.
Challenges and opportunities
Despite impressive progress in the research and development of the optical ATP aptasensors, none of them has clearly represented a fundamental breakthrough, becoming a viable alternative to the conventional bioluminescence method. Future research efforts should, therefore, be dedicated to the development of the optical ATP aptasensors with much improved sensitivity, selectivity, and robustness without engaging complicated fabrication and detection protocols. One possible approach is to couple nanomaterials to single-step amplification schemes and highly affinitive and selective aptamers to a simple signal readout mechanism such as litmus test or colorimetry. The excellent optical properties of nanomaterials may offer a convenient means for sensitivity improvement [145] .
On the other hand, although displaying several advantages like the simplicity of synthesis, versatility in labeling and derivatization, and excellent stability, ATP aptamers with high affinity and specificity still remain rare. Increasing evidence has indicated that most of the aptamers are still not legitimate competitors to their antibody counterparts in term of affinity and specificity. As for ATP aptamers, a number of ATP aptamers with varied sequences and reasonable affinity towards ATP have been discovered since the invention of SELEX and in vitro selection for aptamer screening. Unfortunately, their poor selectivity towards other adenosine phosphate like ADP and AMP largely limits their applications in the analysis of real-world biological samples since ADP coexists with ATP in most biological samples. Because most of the known ATP aptamers, if not all, show relatively high affinity towards adenine, but not to the sugar and the triphosphate moieties, and especially the triphosphate moiety, they also show similar affinities towards ATP, ADP, and AMP [146] . This may also explain why TTP, CTP, GTP, and UTP instead of ADP and AMP were often used as potential interferents in selectivity studies of many of the optical ATP aptasensors mentioned above.
Although some encouraging results were reported in imaging ATP in cultured cells and in detecting ATP in samples with complicated biological matrices like cell lysate, progress along this direction has been slow. Evidently, the high complexity of biological samples together with the coexistence of considerably high levels of other adenosine phosphates, namely ADP and AMP, ferociously hinders any meaningful applications of the optical ATP aptasensors due chiefly to their low selectivity.
Consequently, a grand challenge in ATP aptasensors is to significantly enhance their selectivity for ATP, approaches and techniques that are able to significantly enhance the specificity of the ATP aptamers or the ATP aptasensors are both fundamentally and technically critical. Future research efforts should be directed to significantly enhancing the affinity and specificity of aptamers and the ATP aptasensors. One plausible approach is to optimize the structure of the aptamer to enable its interaction with both the nucleobase and triphosphate moieties. Encouraging results have been obtained but with an unfortunate dilemma -the aptamer does show some degree of interaction with the triphosphate but with reduced affinity towards the nucleobase [147] . Strong repulsive interaction between the triphosphate moiety of ATP and the anionic backbone of the aptamer may be formidable to overcome in the design of highly affinitive ATP aptamers. To circumvent this problem, one possible solution could be the use neutral nucleic acid analogues such as peptide nucleic acids or morpholinos. Another possible solution could be the use of modified nucleic acids instead of natural nucleic acids.
In addition, leveraging on the charge density difference between ATP and other adenosine triphosphates, improved selectivity towards ATP could be realized by introducing a secondary recognition mechanism that is capable of strongly interacting with the triphosphate moiety of ATP, for example, uranyl-salophen complex [53, 143, 144] . Indeed, promising results have been observed in a more recent report by employing a cationic polymer to discriminate ATP from ADP and AMP [148] . It was observed that the strong interaction between the triphosphate moiety of ATP and surface-confined cationic polymer effectively enriches ATP molecules, thus leading to improved selectivity. Meanwhile, research in the applications of aptamers in the optical ATP aptasensors should focus on enhancing the robustness of the aptasensors and on the design of secondary recognition mechanism and powerful amplification schemes to significantly enhance the sensitivity to offload interference from co-existing species, particularly AMP and ADP in biological samples.
Conclusions and prospects
Since the discovery of aptamers in the 1990s, a number of aptamers with reasonably high affinity have been discovered via highly efficient and fully automated SELEX processes. This is in drastic contrast to the much more laborious, time-consuming, and expensive procedures required to produce antibodies. The excellent chemical and biological stability of aptamers and high manipulability together with their biologically non-toxic nature give a clear advantage in the context of biomedical applications over their antibody counterparts.
The fast advent of aptamer research has heralded a new chapter in biosensors. The proof-of-concept research so far has already confirmed that ATP aptasensors are able to contribute to the advances of biosensors and clinical science. It is believed that aptamers will play an increasing role in analytical and clinical science in the near future. As compared to other types of popular aptasensors, and electrochemical ATP aptasensors in particular, each of these two kinds of ATP aptasensors has its own strengths and weaknesses. For instance, in addition to delivering comparable or better sensitivity, being heterogeneous in nature, electrochemical ATP aptasensors may offer a convenient means to minimize matrix effect by simply conducting ATP detection in a different medium after ATP has been captured by its aptamer. On the other hand, aptamer-based optical ATP sensing is mostly conducted in a homogeneous or near homogeneous manner, better reproducibility is often observed. More advantageously, optical ATP sensing can in principle be performed in-situ, in vivo, and sometimes in real-time such as ATP fluorescence imaging. In view of the rapid progress made in a relatively short period of time, it seems clear that the future of the optical ATP aptasensors remains promising.
